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ACTIVE CONTROL OF UNDERGROUND STRESSES
THROUGH ROCK PRESSURIZATION

By Thomas L. Vandergrift’

ABSTRACT

To significantly increase the stability of underground excavations while exploiting the full advantages
of confined rock strength, methods must be developed to actively control the distribution of stresses near
the excavation, This U.S. Burcau of Mines study examines theoretical and practical aspects of rock pres-
surization, an active stress control concept that induces compressive stress in the wall rock through
repeated hydraulic fracturing with a settable fluid.

Numerical analyses performed by incorporating the rock pressurization concept mto a variety of
boundary-element models indicate that rock pressurization has the potential to improve underground
excavation stability in three ways: (1) by relocating stress concentrations away from the weak opening
surface to stronger, confined wall rock; (2) by inducing additional stresses in a biaxial stress field to
reduce the difference between the principal stress components near the surface of the opening; and (3)
by counteracting the tensile stresses induced in the rock around internally loaded openings.

Practical aspects of the rock pressurization concept were investigated through a series of hydraulic
fracturing experiments. The use of sulfur as a settable fluid for hydraulic fracturing was demonstrated,
althongh problems related to sulfur viscosity suggest that other molten materials, such as wax, may be
better suited to practical field application of the rock pressurization concept.

IMining engincer, Denver Research Center, U.S, Burcau of Mines, Denver, CO.
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INTRODUCTION

When an underground opening is made, loads originally
supported by the excavated material are redistributed
around the opening. This stress redistribution is usually
allowed to occur naturally; stresses are then concentrated
on the intact opening surface where the rock is unconfined
and relatively weak, This combination of high stress and
low strength can lead to several types of opening instabil-
ity, ranging from minor cracking and spalling to violent
failures such as rock bursts, floor heaves, and roof falls.
Stress-related stability problems become more acute as
deeper openings are excavated, as the areas of influence of
different openings interact, and when high tectonic stresses
are encountered, A largely unexplored and unexploited
method of increasing the stability of underground openings
involves the development of active stress control measures
to govern both the magnitude and location of stress con-
centrations around the excavation,

Several investigators have recognized that excavation
stability can be improved by inducing compressive stresses
near the opening. It has been proposed that induced com-
pressive stresses can improve excavation stability in two
different ways: by compressing strata prone to tensile

failure (1-2),2 or through the formation of a pressure arch
within the wall rock to reduce tangential stress concentra-
tions on the opening surface (3). Methods for inducing
compression in the wall rock surrounding an excavation
have been suggested; however, none have been developed
sufficiently for practical field application.

This report documents the results of a U.S. Bureau of
Mines investigation into rock pressurization, a potentially
practical means of inducing compressive stresses for active
stress control and improved opening stability, Theoretical
aspects of the concept were studied using numerical mod-
eling techniques. Boundary-element models incorporating
the rock pressurization concept applied to a variety of
underground excavation situations were run to study the
effects of induced compressive stress on opening stabil-
ity. Practical aspects of rock pressurization were studied
through a series of laboratory experiments. Attempts were
made to internally induce compressive stresses in a con-
fined concrete block by repeated hydraulic fracturing, As
a prelude to this effort, unconfined concrete cubes were
hydraulically fractured with sulfur to evaluate sulfur as an
injection fluid and to study injection system variables.

CONCEPT OF ACTIVE STRESS CONTROL

Active stress control is'a concept not currently used in
the design of underground structures. It refers to the abil-
ity to manipulate both the magnitude and location of stress
concentrations in the rock surrounding an excavation. As
such, active stress control is a departure from traditional
stress management techniques.

In the past, variations in excavation geometry and rock
support capacity have been used to mitigate stress-related
ground control problems. Geometric factors that can be
varied include excavation location, shape, and orientation
with respect to the in situ stress field (4); excavation
sequence (5); and the configuration of multiple openings
(6). Often, however, operational constraints dictate exca-
vation geometry. In other cases, stress conditions are so
adverse that geometry-based solutions are not adequate.
When geometric solutions are impractical or inadequate,
destressing techniques have been used. Destressing re-
duces stress concentrations by lowering the support ca-
pacity of the treated rock. Destressing was first introduced
in South Africa in the mid-1950’s (7). Since then, several
variations have been developed, including undersizing pil-
lars so that they yield in a controlled manner (8-9), drilling

to reduce pillar strength (10-11), blasting to initiate stress
relief (12-13), and injecting water to reduce the normal
stress across weakness planes (14). .

Although geometric and destressing methods can be ef-
fective in certain situations, both are passive forms of
stress control; they cannot simultaneously control the mag-
nitude and location of stress concentrations around the
underground excavation. Optimizing opening geometry
can reduce the magnitude of tangential stress concentra-
tions on the opening surface, but cannot shift those high
stress concentrations from the unconfined opening surface
to the confined wall rock. Destressing offers a kind of
"negative" stress control; stress concentrations are shifted
from the treated area but the destination of the redistrib-
uted stress is not controlled. Also, by its nature,
destressing reduces the integrity of the structure.

In order to develop more active forms of stress control,
the challenges and opportunities that are unique to the un-
derground environment must be clearly understood. In

“talicized numbers in parentheses refer to items in the list of
references preceding the appendixes.
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surface structures, stresses can be managed by choosing
structural materials with acceptable strength and deforma-
tional characteristics. Structural material choices are lim-
ited for underground structures, which consist almost
exclusively of the rock that the excavation is driven
through. However, the underground environment pro-
vides an important benefit that is available nowhere else—~
confinement.

Since the work of Coulomb in 1773, it has been rec-
ognized that rock strength is increased by confinement.
Examples of this increase in ultimate compressive strength
are shown in figure 1 for different rock types loaded tri-
axially. In a triaxial test, rock is confined by hydraulic
pressure. Underground, the rock is self-confined: its de-
gree of confinement depends on its boundary conditions,
especially the distance to free surfaces such as openings.
So while the nature of underground construction limits
structural material choices, rock confinement, and there-
fore rock strength, changes within the structure, The chal-
lenge is to control the distribution of stresses within the
wall rock to take advantage of this inherent "strength of
position” (16). Without more active forms of stress con-
trol, in which both the magnitude and location of stresses
are controlled, the full advantages of confined rock
strength will never be realized.

PRIOR RESEARCH

The concept of inducing compressive stresses for active
stress control may have originated with Reed in the 1950’s

Figure 1
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Increase in rock compressive strength as a function of con-
fining pressure (15).

(3). Using pressure tubes embedded in plaster models, he
demonstrated that stresses on the surface of the model
opening could be reduced by forming a tangential com-
pression arch in the model wall. By pressurizing the tubes
to between two and four times the external hydrostatic
loading, he was able to reduce tangential stress concenira-
tions on the opening surface by up to 20%. He suggested
that similar results could be obtained in the field by in-
serting wedges in radially oriented boreholes to induce
compressive stress tangent to the opening surface. This
suggestion is not practical, since the wedge-induced stress-
es would diminish within about four borchole radii. In
order for the effects of the wedges to-overlap, an exces-
sive number of closely spaced boreholes would have to be
drilled.

A similar borehole approach was patented by Whiting
(2). He proposed using "rock jacks" to hold rock blocks
together in the roof or back, thereby decreasing the like-
lihood of gravity falls. His rock jack is essentially a hollow
roof bolt that can be inserted in a borehole and internal-
ly pressurized with hydraulic fluid. While such a device
could be used to induce compressive stresses in a localized
area, it is impractical for active stress control for the same
reasons cited above.

A method of inducing compressive stresses whose influ-
ence is not tied to the borehole radius has been proposed
by Colgate (17). Colgate’s method involves the hydraulic
fracturing of rock with a scttable fluid. Conceptually, the
fluid is injected into a packed-off borehole (figure 24).
Continued . injection increases the fluid pressure and
changes the stress distribution in the borehole wall. When
the tangential tensile stress at the surface of the borehole
wall overcomes the tensile strength of the rock, fracturing
occurs and a fracture plane extends perpendicular to the
minimum (least compressive) principal stress direction
(figure 2B). Injection is then stopped, and the fluid is
allowed to set in the fracture. As the fluid sets, compres-
sive stresses induced normal to the plane of the fracture
are maintained. Repeated fracturing increases the local
minimum principal stress until it becomes greater than the
original intermediate principal stress. Subsequent frac-
tures form perpendicular to this new local minimum prin-
cipal stress direction (figure 2C). Additional fracturing
cycles further reorient the induced fracture direction, and
eventually a roughly spherical volume of pressurized rock
hundreds of times the radius of the borehole is formed
(figure 2D).

Colgate and his coworkers have addressed some of the
theoretical questions related to this "pressure spherc” con-
cept and have proposed its use in a variety of underground
excavation applications, These applications include the
compression of rock prone to tensile failure (I, 17-20), the
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creation of underground voids by lifting overburden (7, 17-
18), the formation of barriers to gas flow (I, 2I), and the
design of nuclear waste repositories (20).

The pressure sphere method has been attewpted in the
field on two occasions (18, 22). Based on measured in-
creases in the fracture extension pressure for successive
fracturing cycles, Colgate surmised that zones of pres-
surized rock were formed. However, the overall success
of these attempts is hard to judge due to a lack of quanti-
tative data.

Although active stress control concepts are not new,
their potential for controlling the stress distribution around
underground excavations has not been fully explored.
Theoretical research has shown that properly oriented,
induced compressive stresses can be beneficial to opening
stability. However, practical methods of inducing oriented
stresses have not been developed. The pressure sphere
method appears to have the potential for practical applica-
tion, but is nondirectional. In order to achieve the im-
provements in opening stability shown to be theoretically
possible, practical rock pressurization methods, with con-
trolled induced-stress orientation, must be developed.

Figure 3
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CONCEPTUAL PRESSURIZATION PROCESS

The rock pressurization concept is based on the as-
sumption that zones of enhanced compressive stress can be
formed in a controlled raanner and arranged in such a way
that they will have a beneficial effect on the stress dis-
tribution near an excavation. Assuming that individual
"spheres" of pressurized rock can be created as described
by Colgate, and that the pressure spheres can be main-
tained over the useful life of the excavationm, it is en-
visioned that the process of rock pressurization would be
applied in the following manner. A ring of pressure
spheres would be formed prior to heading advance from
boreholes angled ahead of the face (figure 3). Sphere
location would be dictated by the length and inclination of
the boreholes. Individual boreholes would then be packed
off, and the process of repeated hydraulic fracturing be-
gun. Sphere pressure and extent would be controlled by
monitoring injection volumes and pressures. In this man-
ner, a specified stress distribution would be defined ahead
of the face prior to heading advance (figure 4).

Figure 4
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NUMERICAL MODELING ANALYSIS

An evaluation of rock pressurization and its potential
for improving opening stability was performed using nu-
merical modeling methods. Two-dimensional, boundary-
element models incorporating the pressure sphere concept
were analyzed for a variety of excavation scenarios. The
goals of this analysis were to—

o Study the underlying mechanisms associated with
rock pressurization and to explain how it can be applied to
improve opening stability; '

e Evaluate the effects of sphere parameters such as
arrangement, size, and pressure on the induced stress dis-
tribution around circular underground openings; and

¢ Demonstrate specific applications for the rock pres-
surization concept.

The key to the numerical analysis of rock pressurization
lies in the representation of the pressure spheres. Because
only limited work has been done to physically demonstrate
the pressure sphere concept, gross assumptions were re-
quired with regard to sphere parameters, including the
mechanisms of sphere formation, sphere dimensions, and
the pressures developed within the spheres. The labora-
tory portion of this research was designed, in part, to test
the soundness of these assumptions. As with any modeling
analysis, the overall validity depends on how well the mod-
els represent actual physical phenomena.

Prior to performing the numerical analysis, a simplified
method of modeling the pressure sphere concept was de-
veloped. It was decided to represent, in two dimensions,
the spheres by circular holes oriented parallel to the long
axis of the modeled opening. Hydrostatic load applied
within these holes or “pressure cylinders’ were used to
model pressure spheres formed by sequential, reoriented
hydraulic fracturing, Details of pressure sphere model
development, and of the boundary-clement program used
in the analysis, are given in appendix A.

GENERAL EFFECTS OF PRESSURIZATION
ON THE UNDERGROUND STRESS DISTRIBUTION

Using internally loaded, circular openings to represent
pressure spheres, several models were run to determine
the effects of sphere pressure, placement, and diameter on
the underground stress distribution. To compare one
model with another, distributions of maximum (most com-
pressive) principal stress, minimum (least compressive)
principal stress, relative displacement, and strength factor
were examined. Using the Mohr-Coulomb failure crite-
rion, strength factor is defined as the ratio of the maxi-
mum internal shear stress at failure for a given point to

the maximum internal shear stress developed at that point.
Strength factors less than one indicate instability (see ap-
pendix A for details of the strength factor calculation).
As with all models discussed in this report, compressive
stresses were taken to be positive. Because of symmetry,
only one quadrant of each model is shown.

To establish a baseline, the simple case of a circular
opening in a hydrostatic stress field of 69 MPa (10,000 psi)
was modeled. The maximum principal stress contours
around the opening are shown in figure 54.2 In agreement
with the analytic solution, the boundary-clement results
show that the tangential stress concentration on the open-
ing surface is two, and falls off to the field stress within
about four opening radii. The minor principal stresses
(figure 5B), which are oriented radially, are zero at the
opening surface and gradually approach the field stress,
again within about four opening radii. Using physical
properties assumed for granite (see appendix A), the
calculated strength factor on the opening surface is 1.0
(figure 5C), which indicates that the opening is very close
to failure. The induced displacement vectors (figure 5D)
point toward the center of the opening,

To study the effects of pressurized spheres on the stress
distribution near the opening, six pressure spheres were
placed around the opening at 60° intervals. Figure 64
shows the maximum principal stress contours that result
from a ring of 4.6-m-diam (15-ft-diam) spheres with in-
ternal pressures of 310 MPa (45,000 psi). The spheres are
centered 11.4 m (37.5 ft) from the model origin (which
coincides with the center of the opening). The spheres re-
sult in increased tangential stresses on the opening surface.
Before introducing the pressure spheres, the tangential
stress on the opening surface was 138 MPa (20,000 psi).
With the spheres, tangential surface stresses are in the
138- to 152-MPa (20,000- to 22,000-psi) range. The mini-
mum principal stress distribution (figure 68) shows that
tensile stresses surrounding the pressure spheres do not
extend to the opening; therefore, pressurization does not
contribute to tensile failure near the opening. Strength
factors near the opening fall below one (figure 6C), in-
dicating that this arrangement of pressure spheres is detri-
mental to opening stability.

The stresses and displacements calculated in this anal-
ysis arise from a linear combination of the effects of the
field stresses, the opening, and the pressure spheres. To
isolate the effects of the pressure spheres alone, models
with no opening or field stress were run, Figure 7 shows

3Because the original work was performed in U.S. customary units,
contours on this and subsequent plots are in intervals of psi. To convert
from psi to MPa, divide by 145,
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Single ring of 310-MPa (45,000-psi) pressure spheres 114 m (37.5 ft) arranged around a circular opening in
a hydrostatic stress field. A, Maximum principal stress distribution; B, minimum principal stress distribution;
G, strength factor distribution.



the maximum principal stress distribution induced by the
310-MPa (45,000-psi) pressure spheres. In the area where
the opening would be located, compressive stresses ap-
proaching 13.8 MPa (2,000 psi) are induced.

Because the induced stresses and displacements are
proportional to the applied stresses, changing the sphere
pressure simply changes the magnitude of induced stress.
Figure 84 shows the maximum principal stress distribu-
tion induced by a ring of 207-MPa (30,000-psi) pressure
spheres. In comparing this model with the base model,
the 13.8-MPa (2,000-psi) contour is farther from the model
origin. When sphere pressure is increased to 414 MPa
(60,000 psi) (figure 8B), stresses induced near the poten-
tial opening boundary are increased to between 13.8 and
27.6 MPa (2,000 and 4,000 psi).

The effects of sphere location were studied by varying
the distance of the spheres from the model center. Maxi-
mum principal stress contours for 310-MPa (45,000-psi),
4.6-m-diam (15-ft-diam) spheres located 9 m (30 ft) from

Figure 7
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Single ring of 310-MPa (45,000-psi) pressure spheres in a
model with no opening or field stress, maximum principal
stress distribution.

the model origin are shown in figure 94. Moving the
spheres in toward the model center increases induced
stresses in the area where the opening would be located,

Figure 8
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Jield stress, maximum principal stress distribution.



10

in this case to between 13.8 and 27.6 MPa (2,000 and
4,000 psi). Moving the spheres out to 13.7 m (45 ft) from
the center reduces the induced stresses in this area below
13.8 MPa (2,000 psi) (figure 9B).

Figure 9

Scale, ft

Single ring of 310-MPa (45,000-psi) pressure spheres. A,
9.1m (30 ft); and B, 13.7 m (45 ft); from the center of a
model with no opening or field stress, maximum principal
stress distribution.

The 4.6-m (15-ft) sphere diameter in the previous mod-
els was arbitrarily chosen. Figure 10 shows that reduc-
ing sphere diameter to 3 m (10 ft), while keeping sphere
pressure at 310 MPa (45,000 psi) and the distance from
the model center at 11.4 m (37.5 ft), reduces stresses near
the model center. The effects of reduced sphere diam-
eter are similar to the effects of reduced sphere pressure
(figure 84).

With an understanding of the general effects of pres-
sure spheres on the stress distribution near an under-
ground opening, specific applications for the pressurization
concept were investigated.

PRESSURIZATION APPLIED TO REDUCE
COMPRESSIVE STRESS CONCENTRATIONS
ON THE OPENING SURFACE

As noted earlier, the shortcoming of Reed’s suggestion
for active stress control is that practical methods of
inducing the required tangential stresses have not been

Figure 10

Scale, ft

Single ring of 3-m (10-ft) diam, 310-MPa (45,000-psi) pres-
sure spheres 11.4 m (37.5 ft) arranged around the center of
a model with no opening or field stress.



developed. In an attempt to demonstrate that tangential
stress concentrations on the opening surface can be
relocated to stronger, confined wall rock using practical
methods, a series of models was run with a variety of pres-
sure sphere arrangements surrounding the opening.
Oudenhoven (16) extended the work of Reed by per-
forming a finite-element analysis of pressurized slots in the
vicinity of an opening. This analysis is duplicated here
using the boundary-element method. The pressurized slot
model consists of four 6.1-m-long (20-ft-long) by 0.3-m-
wide (1-ft-wide) slots located at 90° intervals around a
6.1-m-diam (20-ft-diam) opening. The radially oriented
slots have a uniformly distributed stress of 345 MPa
(50,000 psi) along their length. The resulting maximum
and minimum principal stress distributions are shown in
figures 114 and 11B, respectively. The tangential com-
pressive stresses on the opening surface are reduced to
less than 41 MPa (6,000 psi), with small zones of tangen-
tial tensile stress in the back and rib. This is a significant
reduction from the uniform, compressive tangential stress
of 138 MPa (20,000 psi) that exists on the surface without
the slots (figure 54). The calculated strength factors on
the opening surface with the slots are in the 1.5 to 3.5
range (figure 11C), indicating an increase in opening
stability of at least 50%. By removing the opening and
field stress, the effects of the slots can more readily be
seen. Figure 124 shows that the pressurized slots produce

a region of tensile stress where the opening would be

located. The induced tensile stress lessens the magnitude
of compressive stress concentrations that result from the
field stresses and the presence of the opening, At the
same time, a ring of compressive stress is induced around
the model center. The displacements associated with the
induced stresses are shown in figure 12B. The loads in-
duced by the slots cause points between the slots to move
away from the model origin, in effect "pulling apart" the
rock near the center of the model.

In comparing the pressurized slot model with the pres-
sure sphere models previously discussed, it is obvious that
the direction of the induced stress is very important in
producing the mechanisms necessary for improved opening
stability. The pressurized slots produce tangential com-
pressive stresses, while the pressure spheres induce both
tangential and radiai (with reference to the model origin)
compressive stresses. The radial compressive stresses in-
duced by the spheres load the rock in the center of the
model, negating the effects of the tangential pressure arch.
In order for the pressure spheres to create the mecha-
nisms required to reduce tangential stress concentrations
on the opening surface, the induced compressive stresses
should be primarily tangential.

In order to induce tangential compressive stresses using
Colgate’s nondirectional pressure sphere concept, a dual
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ring of pressure spheres could be used. It is envisioned
that a ring of low-pressure spheres could be created
around the opening followed by a ring of higher pressure
spheres farther into the wall rock. The maximum principal
stress distribution for such an arrangement is presented in
figure 134. Thé smaller, inner spheres, centered 7.6 m
(25 ft) from the origin, are 3 m (10 ft) in diameter and are
pressurized to 103 MPa (15,000 psi). The outer spheres
are 4.6 m (15 ft) in diameter, pressurized to 310 MPa
(45,000 psi), and located 11.4 m (37.5 ft) from the center.
Tangential stresses on the opening surface are reduced
from 138 MPa (20,000 psi) (figure 54) to between 48 and
76 MPa (7,000 and 11,000 psi). This reduction is similar
to that achieved in the pressurized slot model of Ouden-
hoven. The minimum principal stress distribution (fig-
ure 13B) is also similar in that tensile stresses do not
extend to the opening. Strength factors near the opening
(figure 13C) are between 1.2 and 1.6, indicating that sig-
nificant improvements in opening stability can be achieved
using this pressurization arrangement.

A comparison of the radial and tangential stress dis-
tribution around the opening with and without the concept
of dual sphere pressurization is shown in figure 14, With
dual sphere pressurization, tangential stresses on the open-
ing surface are about 0.9 times the field stress, or just 45%
of what they would be without pressurization. Tangential
stresses are further reduced for a distance into the wall
rock of about one-half the opening radius, at which point
they increase dramatically to about 3.6 times the field
stress at two opening radii. From there, the tangential
stresses drop off and approach the field stress. The radial
stresses with pressurization are zero at the opening sur-
face, become tensile at about one radius, reach a minimum
at about two radii, and then approach the field stress.
This figure shows graphically that pressurization reduces
stress concentrations on the opening surface and relocates
them to stronger, confined wall rock.

The concept of dual sphere pressurization discussed
above theoretically would result in improved opening sta-
bility. Because of the many unknowns relating to the
physical creation of the pressure spheres in this arrange-
ment, attempts to optimize opening stability by modeling
various combinations of sphere pressures, locations, and
diameters probably would not be meaningful. However, to
gain insights into the mechanisms that produce desirable
effects on opening stability, a series of models with varying
outer sphere pressures was run. In these models, the
inner sphere pressure was fixed at 10.3 MPa (1,500 psi)
whereas the outer sphere pressure was varied from 34
to 103 MPa (5,000 to 15,000 psi) (see appendix A, fig-
ure A-6). By increasing the ratio of outer to inner sphere
pressure, the magnitudes of the tensile stresses induced
near the model origin are increased. From this it
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can be concluded that reductions in compressive stress

concentrations on the opening surface depend on the rela-
tive magnitudes of the tangential and radial stresses
induced.

All of the models discussed to this point have incorpo-
rated pressure spheres with uniform internal loading. In
practice of course, the zones of induced pressure would
not be perfectly uniform. To simulate this uneven loading,
a model was run in which the normal stress on adjacent
sphere clements was randomly varied by +69 MPa
(*1,000 psi) (sce appendix A, figure A-7). This model re-
sulted in tangential stresses on the opening surface be-
tween 34 to 103 MPa (5,000 and 15,000 psi), and strength
factors between 1 and 2, which is similar to the result
obtained with the idealized spheres. This suggests that the
mechanisms associated with rock pressurization can be
created under less than ideal conditions.

PRESSURIZATION APPLIED TO COUNTER
THE EFFECTS OF A BIAXIAL STRESS FIELD

The excavations discussed to this point have all been
subjected to a hydrostatic stress, (o, = o0y). In many
cases, especially at shallower depths, the horizontal stress
exceeds the vertical stress (23). In these cases, stability
problems may arise from the nonuniform stress distribu-
tion on the opening surface. To examine the potential

of pressurization to produce a more uniform stress dis-
tribution, a model was run with oy, = 30, = 69 MPa
(10,000 psi). The maximum principal stress contours in
figure 154 show that this loading would produce a nonuni-
form stress distribution on the opening, with higher com-
pressive stresses in the back. The associated distributions
of minimum principal stress and relative displacement are
shown in figures 15B and 15C. The high stress concen-
tration in the back leads to a strength factor (figure 15D)
of less than 1, which indicates probable failure.

To create a more uniform stress distribution on the
opening surface, two 3-m (10-ft), 276-MPa (40,000-psi)
pressure spheres were placed in the back and floor 7.6 m
(25 ft) from the model center. This arrangement results
in a more uniform tangential stress distribution on the
opening (figure 164). The minimum principal stress dis-
tribution in the vicinity of the opening (figure 16B) is also
more uniform. However, the overall stability of the open-
ing is not greatly improved. Strength factors on the open-
ing surface (figure 16C) are in the 1 to 2 range, with fail-
ure likely at 0°, 45°, and 90° from horizontal.

By removing the opening and field stress, it can be seen
that the spheres increase the vertical stress component
(figure 17), thereby decrcasing the difference between o,
and oy in the vicinity of the opening. This results in a
principal stress distribution near the opening similar to
that associated with hydrostatic loading. Although opening
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Figure 17
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stability was not improved in this particular example, there
may be cases where this pressurization application would
be useful.

PRESSURIZATION APPLIED TO INCREASE
COMPRESSIVE STRESS
ON THE OPENING SURFACE

In special situations, it may be desirable to increase
rather than to decrecase compressive stress concentrations
on the opening surface. A concept under consideration by
the Electric Power Research Institute (EPRI) (24) is an
example. EPRI is examining methods to contain com-
pressed air in underground caverns. The air would be
compressed using energy from hydroelectric power plants
during hours of low electricity demand. During peak

hours, when demand is high, the compressed air would be
used to drive turbines for electrical power generation. The
problem with this concept is that in order to contain the
compressed air, large storage caverns would have to be ex-
cavated at depths where the overburden pressure is suffi-
cient to counteract the air pressure. One potential solu-
tion to this problem is to induce stresses in the wall rock
to counteract the air pressure in the storage cavern. This
would allow higher air pressures to be contained in small-
er, near-surface caverns, By reducing cavern size and
depth, large savings in cavern and shaft construction costs
could be realized.

To evaluate the applicability of rock pressurization to
this problem, a test case presented by EPRI was modeled.
The case is that of a circular tunnel 6.1 m (20 ft) in
diameter, 152 m (500 ft) deep, with an operating pressure
range of 2.2 to 34 MPa (325 to 5,000 psi). The assumed
physical properties of the rock are the same as those of
previous models (see appendix A). Using data presented
by Hoek (23), a horizontal stress of 16 MPa (2,300 psi),
4.2 times the vertical stress, was used. Figure 184 shows
the maximum principal stress distribution around the
cavern. The radial stresses on the opening surface are
equal to the 34-MPa (5,000-psi) air préssure within the
cavern. The minimum principal stress distribution (fig-
ure 18B), shows that tangential tensile stresses are induced
in the rib of the tunnel. These tensile stresses would cause
radial fractures to form in the rib, as indicated by the
presence of the failure zone in figure 18C.

To counteract the tensile stresses induced by the com-
pressed air, eight 4.6-m (15-ft) pressure spheres were
placed 12.2 m (40 ft) from the model center at 45° inter-
vals. To compensate for the biaxial stress field, unequal
sphere pressures were used, with the upper and lower
sphere pairs pressurized to 345 MPa (50,000 psi) and
the left and right sphere pairs pressurized to 276 MPa
(40,000 psi). Figures 194 and 19B show that while the
radial stresses on the cavern surface are still about 34 MPa
(5,000 psi), tangential stresses near the cavity are now
compressive, The pressure spheres create a ring of com-
pressive stress around the cavern, as shown in figure 198,
which in turn prevents the formation of tensile fractures.
The strength factor distribution (figure 19C) indicates
that the cavern is stable, with strength factors near the
cavern approaching 2. At the low air-pressure extreme of
2.2 MPa (325 psi), cavern stability is maintained (see ap-
pendix A, figure A-8).

In addition to ensuring cavern stability, pressurization
should tend to close preexisting rock fractures, thereby
lowering the air permeability of the rock.
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Circular opening internally loaded with 34-MPa (5,000-psi) air pressure. A, Maximum principal stress distribu-

tion; B, minimum principal stress distribution; C, strength factor distribution.
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LABORATORY EXPERIMENTATION PROGRAM

To investigate practical aspects of the pressurized
sphere concept, a series of laboratory experiments was
performed. The laboratory work was conducted in two
major phases. In the first phase, several unconfined
concrete cubes were hydraulically fractured with molten
sulfur. These unconfined fracturing tests were performed
to evaluate sulfur as a fast-setting, low-cost, injection fluid.
To accomplish the fracturing tests, a sulfur injection
system was designed, tested, and refined. After demon-
strating the feasibility of fracturing with sulfur, the second
test phase was conducted by injecting sulfur into a con-
fined concrete cube in order to create reoriented hydraulic
fractures. The ultimate goals of the experimentation
program were {0—

¢ Demonstrate under controlied laboratory conditions
that repeated injection with a settable fluid causes suc-
cessive fractures to reorient such that a roughly spherical
zone of radially oriented compressive stress is induced; and

¢ Evaluate the validity of the assumptions used in the
boundary-clement analysis by gathering data on fracture
orientation, radius, width, volume, and extension pressure.

FRACTURING FLUID SELECTION

The process of pressure sphere formation through re-

peated hydraulic fracturing with a settable fluid requires a
fluid that can be pumped at pressures sufficient to initiate
and fill fractures in the rock mass. To control the extent
of the fracture, the fluid is required to flow into the frac-
ture and quickly set after a small volume has been inject-
ed. The phase change from a pumpable, low-viscosity
fluid to a solid can be driven by two basic phenomena:
chemical reaction and temperature change.

After careful consideration of chemical grouting sys-
tems, including two-shot (25) and in-hole mixing systems
(26), several reasons emerged for eliminating chemical
reaction as a means of solidification. First, chemical
grouts would require separate high-pressure pumping sys-
tems. Secondly, it was anticipated that mixing multiple
components within a borchole at the pressures necessary
to initiate hydraulic fracture would be very difficult. An-
other drawback was the possibility of grout accidentally
setting within the injection system; this would result in
major damage to the system.

Considering the difficulties associated with chemical
grouting systems, a heated injection system was chosen for
the laboratory tests. Heated systems use molten grout that
sets as it cools. Although uncommon, heated grouting sys-
tems date to at least 1919, when tar was used to fill frac-
tures and reduce leakage around a dam in Tennessee (27).
Sulfur was chosen as the injection fluid because it has a

low melting point (119 °C [246 °F]), is pumpable, noncor-
rosive, and relatively inexpensive; the 1990 price of sulfur
was less than 9 cents per kilogram (4 cents per pound)
(28).

In examining sulfur as a fracturing fluid, the primary
issues of concern are its melting point, its viscosity, and the
manner in which it solidifies. Sulfur has two stable crystal-
line forms, rthombic (S,) and monoclinic (Sg), with differ-
ing phase characteristics (29). Rhombic sulfur is the stable
form at temperatures below 96 °C (204 °F). Monoclinic
sulfur is stable between 96 °C (204 °F) and the melting
point of 119 °C (246 °F). Because rhombic sulfur turns
into monoclinic very slowly, it is possible to melt rhombic
sulfur directly, in which case the melting point is 113 °C
(235 °F). Pressure has only a small effect on the melting
point, as shown in the generalized phase diagram for sul-
fur (figure 20).

In the liquid state, sulfur viscosity drops with rising
temperature, up to about 160 °C (320 °F) (figure 21).
Above this temperature, there is an anomalous increase in
viscosity. At about 188 °C (370 °F) the viscosity reaches a
maximum and molten sulfur barely flows. Asthe tempera-
ture rises further, the viscosity once again drops. Sulfur
will ignite between 246 and 266 °C (475 and 510 °F), and
will boil at 444 °C (832 °F) (at atmospheric pressure).

The viscosity spike associated with sulfur is, of course,
detrimental to pumping. Fortunately, many substances can
be used to lower sulfur viscosity, including iodine, bromine,
chlorine, and organic materials (30). In fact, commercial-
grade sulfur usually contains sufficient amounts of organic
contaminants to eliminate, for practical purposes, the vis-
cosity spike. The commercial-grade suifur used in the lab-
oratory experiments proved to have enough impurities to
be readily pumpable.

When cooled, sulfur decreases in volume approximately
15%. During solidification, this volume decrease would
result in a decrease in induced stress perpendicular to the
fracture plane; however, this could be compensated for by
increasing the number of fracturing cycles. If sulfur is
quickly cooled from temperatures above 160 °C (320 °F)
to room temperature, a rubber-like mass containing a
large proportion of amorphous sulfur is formed, This
supercooled sulfur will remain rubber-like for a period of
days. The unconfined cube tests were designed in part to
investigate the possibility that amorphous sulfur would
form as the fluid contacts the walls of an induced fracture.

HYDRAULIC FRACTURING PROCESS

The assumption that roughly spherical zones of high
pressure can be formed by repeated hydraulic fractur-
ing with a settable fluid is based on hydraulic fracturing
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research performed in the petroleum industry. To design
appropriate laboratory tests of the pressurized sphere
concept, the fundamentals of hydraulic fracture initiation
from a packed-off borehole were reviewed and are briefly
summarized here. A more detailed discussion appears in
appendix B.

Hydraulic fracturing, the process of initiating and ex-
tending rock fractures by pressurized fluid injection, was
first introduced in 1947 as a means of stimulating gas well
production (31). In those early years, it was assumed that
hydraulic fractures were created and extended along bed-
ding planes, However, theoretical and experimental work
quickly showed that the stress field in the vicinity of the
fracture is the major control on fracture orientation, with
fractures propagating perpendicular to the least compres-
sive principal stress. This observation is central to the
pressurized sphere concept. By using a settable fracturing
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fluid to "lock in" the compressive stresses induced perpen-
dicular to the fracture plane, the local minimum principal
stress direction is rotated, and subsequent fractures open
up perpendicular to this direction.

The process of repeated, reoriented hydraulic fracturing
begins with fracture initiation or extension. Fracturing will
be initiated or existing fractures will be extended from a
packed-off borehole when the fluid pressure in the bore-
bole reaches a critical value (32). In dry, impermeable
rock this value is:

Pe = 0y + 303 - 03, ®

where P, = critical pressure,

o, = rock tensile strength,
o4 = minimum principal stress in the plane
perpendicular to the borehole axis,
and o, = maximum principal stress in the plane

perpendicular to the borehole axis,

‘When the critical pressure is reached, fractures are ini-
tiated or extended perpendicular to the minimum principal
stress (o) direction. If a settable fracturing fluid such as
sulfur is used, the filled fractures induce compressive
stresses normal to their surface, in the direction of ¢,



The following example illustrates the envisioned repeat-
ed fracturing process. Suppose a dry, intact, confined
concrete block (o, = 3.4 MPa [500 psi]) with no external
loading is to be fractured with sulfur from a borchole
along the z axis. The initial stress state is 0, = 0, = 0,
= (. From equation 1, the predicted critical pressure is P,
= 3.4 + 3(0) - 0 = 3.4 MPa (500 psi). Assume that frac-
turing occurs in the y-z plane and that a compressive stress
of 2.9 MPa (425 psi) is maintained in the x direction due
to the sulfur-filled fracture. Afier solidification, the
idealized stress state in the block is now o, = 2.9 MPa
(425 psi), o, = o, = 0. For the second injection, the criti-
cal pressure would be P, = 3.4 + 3(0) - 2.9 = 0.5 MPa
(75 psi). Assuming the second fracture occurred in the x-z
plane, and that 0.4 MPa (65 psi) of induced stress is main-
tained, the new stress state would be o, = 2.9 MPa
(425 psi), o, = 0.4 MPa (65 psi), o, = 0. The third in-
jection would probably induce fracturing along the z
axis at some angle between the x and y planes. The
pressure required to induce this fracture would be P,
= 34 + 3(04) - 29 = 1.7 MPa (270 psi). The stress dis-
tribution actually induced by fracturing would, of course,
be more complex, but this idealized example serves to
illustrate how the repeated fracturing process might
progress.

TEST APPARATUS

High pressures and temperatures are required to frac-
ture with sulfur. To accomplish this, an injection system
consisting of a high-pressure sulfur pump and a heated
packer assembly was designed. This injection system was
used for both the confined and unconfined fracturing tests.
In addition, a confining frame was designed for use in the
confined block tests.

Sulfur Pump and Packer Assembly

A pump capable of delivering molten sulfur at 41 MPa
(6,000 psi) and 204 °C (400 °F) was designed and fabri-
cated. Major components of the closed-loop pumping sys-
tem (figures 22 and 23) include a sulfur reservoir, a
positive-displacement piston pump driven by a pneumatic
motor, and a relief valve. All components through which
sulfur flows are individually heated and connected by
heated stainless steel tubing (0.635-cm [0.250-in] outside
diameter [OD], 0.478 c¢m [0.188-in] inside diameter [ID]).
Temperature throughout the system is monitored using
thermocouples; heaters are individually controlled so that
all components can be maintained at temperatures be-
tween 149 and 204 °C (300 and 400 °F).

A mechanical packer assembly was designed to form a
41-MPa (6,000-psi) seal against the concrete wall of the
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borehole while heating a sulfur pool at the injection point
to temperatures in excess of 149 °C (300 °F). The packer
assembly (figures 22 and 24) is contained in a 3.18-cm-
(1.25-in-) OD packer body made of stainless steel. The

Figure 22
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Injection sysiem schemagtic, showing direction of sulfur flow.

Sulfur pumping system.
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Figure 24

Packer assembly.

inner diameter of the packer body contains a 0.160-cm
(0.063-in) electric cable heater, and a 0.318-cm (0.125-in)
sulfur injection tube. The cable heater is fastened to the
sulfur injection tube to keep sulfur within the tube molten.
This heater also passes through the head of the packer
assembly to maintain a pool of molten sulfur at the point
of injection. A chromel-alumel thermocouple embedded
in the concrete block is used to monitor pool temperature.

Confining Frame

To create multiple, reoriented hydraulic fractures, the
material being fractured must be confired. Underground,
confinement is provided by the surrounding rock. In the
laboratory, a similar confinement was provided to the test
specimen by means of a confining frame. The frame (fig-
ure 25) consists of six 1.91-cm-thick (0.75-in-thick) alu-
minum plates that form a cube 61 cm (24 in) on a side.
Each plate is backed by three 10.2-cm by 10.2-cm (4-in by
4-in) steel I-beams. Opposite sides of the frame are con-
nected and held together by twelve 2.54-cm-diam (1-in-
diam) threaded rods with nuts. In order to assemble the
frame, the 36 rods pass through holes drilled in the webs
of the I-beams.

The aluminum plates serve two purposes. First, they
comprise a form for casting a 57.2-cm (22.5-in) concrete
test cube. Later, during fracturing, they provide a uni-
form confinement for the loads generated within the test
block. The I-beams serve to back up the plates and pro-
vide a linkage between the plates and the steel rods. The
steel rods are tensioned by the loads generated during
fracturing.

Based on an allowable rod load of 200 kN (45,000 1bf),
the maximum confinement provided by the frame was cal-
culated as:

(200 kN/rod x 12 rods)/(57.2 cm)?

= 7.3 MPa (1,100 psi).

Because loads gencrated in the block are carried by the
steel rods, fracture pressure and orientation can be esti-
mated by measuring rod loads in each of the three orthog-
onal directions. To measure rod loads, load cells were
placed between the rod nut and the I-beam on opposite
ends of opposing center-rod pairs (figure 26).



Load cell used to measure confining frame rod load.

EXPERIMENTATION PROCEDURE AND RESULTS
Unconfined Fracturing Tests

Samples for unconfined fracturing tests were prepared
by embedding heated injection tubes in 0.3-m (1-ft) con-
crete cubes. Prior to embedding the tubes in concrete, a
simulated borehole was created at the injection tube outlet
by casting a 3.18-cm-diam (1.25-in-diam) wax plug around
the outlet. To study the effects of borehole length/
diameter (L /D) ratio on fracturing pressure, different plug
lengths were used for different samples. To heat the in-
jection tubes and to provide for a molten pool at the point
of injection, a 0.318-cm-diam (0.125-in-diam) cable heater
was attached along the length of the injection tube and
coiled within the wax plug. A thermocouple was also em-
bedded in the plug to monitor injection point temperature.
The wax plug was then centered in a plywood form, and
concrete with a 1.25:1 sand-cement ratio was poured
around the plug and injection tube. Five samples were
poured in this manner. To perform a fracturing test using
the packer assembly, one sample was poured around a
3.18-cm-diam (1.25-in-diam) aluminum plug. After the
sample cured, the plug was removed, leaving a 3.18-cm
(1.25-in) borehole.

Twenty 5-cm-diam (2-in-diam) cylindrical samples were
cast from this pour and later tested to determine the
strength properties of the blocks. The average com-
pressive and tensile strengths were 72 MPa and 3.1 MPa
(10,400 psi and 450 psi), respectively.
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From the outset, difficulties were encountered in the
unconfined fracturing tests. One of the main shortcomings
was that injection pool pressures could not be directly
monitored. Instead, it was assumed that the system pres-
sure and the pool pressure within the block equalized
when the ball valve was opened. This assumption is not
valid if a blockage exists between the pressure monitoring
point of the system and the sulfur pool.

The first unconfined fracturing test was performed on
the block with an injection point L/D ratio of 1:1. Initial-
ly, the block did not fracture, even with the system pres-
sure at its maximum of 41 MPz {6,000 psi). This was
probably because of a blockage at some point in the sys-
tem between the pressure transducer and the injection
point. The blockage eventually must have been cleared,
because the block unexpectedly fractured as the experi-
ment was being shut down. By this time, the data logger
had been shut off, and the fracturing pressure was not
recorded. The block fractured with the long axis of the
embedded tube in the fracture plane (figure 27). This
orientation was observed in all subsequent fracturing tests.
The sulfur on the fracture surface hardened quickly, sug-
gesting that the formation of supercooled, amorphous sul-
fur may not be a problem.

Of the original six blocks cast, the only quantitative
fracturing data came from thc block cast around the alu-
minum plug. To test this block, the packer assembly was
inserted in the borehole to leave a cylindrical void with a
L/D ratio of 0.2:1 at the tip of the assembly. The packer
was then set, and sulfur was injected under increasing
pressure until fracturing occurred along the packer axis
(figure 28), at a pressure of 34.3 MPa (4,980 psi).

In an attempt to overcome the supposed problems of
sulfur blockage, three additional 0.3-m (1-ft) cubes were
cast using wax plugs with L/D ratios of 0.4:1, 0.6:1, and
0.8:1. These blocks featured a capped outlet line from the
injection pool. If blockage problems arose, the cap could
be removed to check sulfur flow through the test block.
As with the first set of cubes, 20 cylindrical samples were
cast and tested to determine the strengths of these blocks.
The average compressive and tensile strengths of these
samples were 50 MPa and 2.7 MPa (7,270 psi and 390 psi),
respectively.

The second set of blocks were fractured with only mi-
nor difficulty. A summary of the unconfined fracturing
tests appears in table 1.

The fracturing pressures for the four successful fractur-
ing tests are plotted against L/D ratio on figure 29. From
the curve fitted to these data points, it is inferred that for
L/D ratios higher than 1.1, tensile strength, rather than
borehole geometry, is the control on fracturing pressure
for these tests.




Table 1.—Summary of unconfined fracturing test results

Block L/D Result
o, = 72 MPa (10,400 psi); ¢, = 3.1 MPa (450 psi)
1 ... 101 Fractured unexpectediy with datalogger off; no
data taken.
2 ... 051 Sulfur leaked around injection tube, pressures
developed were insufficient to fracture block.
S ... 0211 Cap poured on top of block to prevent leakage,
block iractured at cap/block interface.
4 ... 021 Fractured at 34.2 MPa (4,980 psi) using packer
assembly.
5... 11 Not tested.
6 ... 051 Do.
o, = 50 MPa (7,270 psl); ¢, = 2.7 MPa (390 psi)
7 ... 0.4:1 Fractured at 21 MPa (3,030 psi).
8 ... 061 Fractured at 14 MPa (2,060 psi).
9 ... 081 Fractured at 8.6 MPa (1,250 psi).

L/D Length-diameter ratio.
I, Compressive strength.
a; Tensile strength.

Confined Fracturing Tests

The specimen for confined fracturing tests was made
by casting a 57.2-cm (22.5-in) concrete cube around a
3.18-cm-diam (1.25-in-diam) aluminum plug (figure 30).
An aluminum guide mounted on the outside of the front
confining plate held the plug in position. The angle of the
guide ensured that the tip of the plug was centered in the
block. After the block had cured, the plug was removed,
leaving a borehole for access to the block center. The
borehole created in this manner was 6.35 cm (2.5 in)
longer than the packer assembly, leaving a void with a
L/D ratio of 2:1 for sulfur injection. Based on the un-
confined fracturing tests, it was assumed that this L/D
ratio would be sufficiently large to allow concrete tensile
strength, rather than hole geometry, to control the initial
fracturing pressure.

Cylindrical samples from the block pour were tested in
the manner previously described to determine the com-
pressive and tensile strength of the block. The compres-
sive and tensile strengths of these samples were 57 MPa
and 2.6 MPa (8,240 psi and 380 psi), respectively.

In preparation for each confined fracturing test, the
auts on the threaded steel bars holding the confining
frame were tightened to 6.8 N-m (5 ftlb) of torque.
This produced a load in the steel bars, as measured by the
load cells, of about 670 N (150 1bf). This bar loading
amounts to a nominal triaxial loading on the block of
less than 28 kPa (4 psi). After the nuts were tightened,
the packer assembly was inserted in the borehole and
the packer was set. A cap was placed over the packer

Figure 27

Block fractured using the embedded pressure tube arrange-
ment (top). Fracture surface exposed by separating block
halves (bottom).

assembly and threaded on the aluminum guide. This held
the packer assembly in place and ensured that it could
not move out of the borehole under pressure. The injec-
tion system and packer assembly were then brought up to
temperature, and attempts to injcct sulfur under pressures
of up to 41 MPa (6,000 psi) were made.



Injection was attempted on eight separate occasions.
Component failure plagued the testing effort, with combi-
nations of ball valve, diaphragm, and pump failure occur-
ring during five of the eight injection attempts. The block
was not fractured in any of the attempts, despite the fact
that sulfur pressures of 41 MPa (6,000 psi) were attained
in five of the tests. In each of the tests, the temperature
at the injection point was well above the melting point of
sulfur.

The exact reason for the failure of the confined fractur-
ing tests is not known, although it seems likely that some
blockage existed between the pressure transducer and the
point of injection. To verify that the block could be frac-
tured at a pressure below 41 MPa (6,000 psi), an attempt
was made to fracture the block using hydraulic fluid. This
test was successful, with the block fracturing at a pressure

Figure 28
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Aluminum plug used to create access to the confined con-
crete test block.

The fracturing test results were, in general, disappoint-
ing. The task of building a robust injection system capable
of pumping molten sulfur at 204 °C (400 °F) and 41 MPa
(6,000 psi) proved difficult. In addition to problems with
the ball valve, diaphragm, and pump, blockages in the line
between the pressure transducer and injection point were
particularly troublesome, although the existence of these
blockages can only be inferred due to the lack of direct
injection-pool pressure measurements.

There are three basic explanations for blockages in the
0.318-cm-diam (0.125-in-diam) tube between the pressure

transducer and the injection point. The first two, that
sulfur cooled and solidified in the tube or that a contami-
nant lodged in the tube, are considered unlikely. During
injection, both line and pool temperature were maintained
well above the melting point of sulfur. On several oc-
casions during the laboratory work, sulfur was pumped
freely through the injection tube and out of the system,
with no indication of blockage.

A third explanation is that viscosity changes under high
temperature and pressure created a large pressure drop
between the pressure transducer and the injection point.
To investigate this possibility, the pressure drop in the
0.152-cm- (0.060-in-) ID injection tube was calculated us-
ing the Fanning friction factor (33). The pressure drop in
the tube was found to be a linear function of sulfur viscos-
ity, with

Pressure drop, MPa = 20.3 X sulfur viscosity, mPa-s.

So, an increase in sulfur viscosity from 0.05 mPas to
2.0 mPa-s (0.05 cP to 2.0 cP) would be sufficient to create
a 40.7-MPa (5,900-psi) back pressure in the system. In
comparison, the pressure drop in the main system tube
(0.635-cm [0.250-in] OD, 0.478-cm [0.188-in] ID) for a sul-
fur viscosity of 2.0 mPa-s (2.0 cP) would only be 0.4 MPa
(60 psi).

The 0.318-cm (0.125-in) stainless steel, sulfur injection
tube used in the fracturing experiments was chosen for its
flexibility, after ensuring that molten sulfur could be
pumped through it easily. In retrospect, it appears that a
tube with a larger inside diameter should have been used
to reduce back pressures caused by viscosity changes under
high pressure.

SUMMARY AND CONCLUSIONS

To significantly increase the stability of underground
excavations, methods must be developed to actively control
the distribution of stress in the wall rock. By controlling
the magnitude and location of stresses around the excava-
tion, the advantages of confined rock strength can be ex-
ploited. Past attempts at managing stress by varying ex-
cavation geometry and rock support capacity have been
adequate in certain situations; however, these techniques
are passive in that they only offer limited control of the
magnitude and location of stresses within the underground
structure.

Active control of the underground stress distribution
can be gained by inducing enhanced compressive stresses
of known magnitude at specific locations around the exca-
vation. Several methods of accomplishing this have been

proposed; Colgate’s pressurized sphere concept was chosen
for study in this investigation because of its potential for
practical field application. Rock pressurization using the
pressurized sphere concept involves the creation of roughly
spherical zones of radially oriented compressive stress by
repeated hydraulic fracturing with a settable fluid. In
theory, repeated fracturing with a settable fluid "locks in"
induced compressive stresses normal to the plane of frac-
ture and causes subsequent fractures to be reoriented with
respect to the inherent, minimum principal stress direction.

The objectives of this investigation were to explore
theoretical and practical aspects of rock pressurization
and to evaluate its potential as a method of active stress
control for underground excavation. The investigation
was conducted in two major phases. Numerical modeling



analyses were performed to demonstrate specific applica-
tions of rock pressurization, to determine its underlying
mechanisms, and to evaluate how different pressurization
variables affect the induced stress distribution. Laboratory
experiments were performed in an attempt to create a
pressurized sphere under controlled conditions and to ver-
ify assumptions of the numerical modeling analysis.

Results of the numerical modeling analysis reinforce the
assertion that rock pressurization can be used to improve
opening stability while exploiting confined rock strength.
Specifically, the numerical modeling analysis revealed the
following:

1. Circular openings with internal hydrostatic loading
can be used to model pressure spheres formed by sequen-
tial, reoriented hydraulic fracturing,

2, A single ring of pressurized spheres around the
opening increases the tangential stress concentration on
the opening surface. The increase in tangential stress con-
centration is directly proportional to sphere pressure and
diameter, and inversely proportional to the distance be-
tween the pressure spheres and the opening.

3. Stress concentrations can be relocated from the
weak opening surface to stronger, confined wall rock using
a dual ring pressurized sphere arrangement. In this ar-
rangement, lower pressure inner spheres serve to block the

radial component of the induced stress, thereby ensuring -

that the induced stress orientation is primarily tangential
to the opening. This tangential loading causes rock to
displace away from the area of the planned opening, re-
ducing tangential stress concentrations on the opening
surface once it is created.

4. Pressurization can be used to mitigate the unfavor-
able effects of a biaxial stress field. Placing pressure
spheres in line with the minimum principal stress direction
reduces the difference in magnitude between the minimum
and maximum principal stresses and results in a more
uniform stress distribution on the opening surface.

5. A single ring of pressurized spheres can be used to
counteract the tangential tensile stresses induced by in-
ternally loaded openings.

The numerical modeling analysis performed was two-
dimensional, and assumed linear elastic properties for the
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rock mass. More sophisticated modeling approaches could
be used to study the pressurization process in more detail.
However, it would be premature to perform such complex
analyses before practical aspects of the pressurized sphere
concept are more thoroughly investigated.

The laboratory portion of the investigation was designed
to provide information on pressure sphere formation that
would either validate or improve upon the assumptions
used in the numerical modeling analysis. Fracturing ex-
periments were performed on both confined and uncon-
fined concrete cubes using sulfur as the fracturing fluid.
Results of the laboratory investigation were largely
inconclusive; the basic assumptions of the pressurized
sphere concept were neither validated nor refuted. Never-
theless, the laboratory investigation produced the following
information:

1. Molten sulfur can be used to induce hydraulic
fracturing.

2. The viscosity spike associated with elevated tempera-
tures can cause sulfur pumpability problems.

Although the laboratory program was unsuccessful in
demonstrating pressure sphere creation, the problems en-
countered could likely be overcome with further research.
Further research should also focus on alternatives to sulfur
as a fracturing fluid. Hydraulic fracturing with sulfur was
shown to be possible; however, the viscosity-related prob-
lems encountered suggest that other materials, such as
wax, could be used with more success.

In conclusion, rock pressurization has good potential as
a method for controlling the magnitude and location of
stresses around underground excavations. This investiga-
tion provides justification for further research by demon-
strating specific applications for rock pressurization, iden-
tifying its underlying mechanisms, and documenting the
effects of sphere pressure, size, and location on the in-
duced stress distribution. Until active stress control meth-
ods such as rock pressurization can be fully developed and
applied in the field, improved excavation designs that fully
exploit the advantages of confined rock strength will not be
realized.
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APPENDIX A.—MODELING PROGRAM, ASSUMPTIONS, AND RESULTS

PROGRAM DESCRIPTION

The fictitious stress boundary-element method was cho-
sen for this work because of its suitability to underground
stress analysis problems, its simple input structure, and the
ease in which model parameters can be varied to perform
parametric analyses. Mathematical details of the method
are beyond the scope of this report; an excellent explana-
tion is given by Crouch (34).!

The particular boundary-element program used in this
study, EXAMINE® was developed at the University of
Toronto as a parametric analysis tool for investigating
stresses and displacements around excavations in rock
(39).

EXAMINE performs a plane strain analysis, which
means that the model is assumed to extend infinitely in the
direction normal to the section of analysis. For example,
in modeling Colgate’s "pressure spheres" in two dimen-
sions, the spheres are represented by pressurized holes of
circular cross section. In a plane strain analysis, these
models really represent "pressure cylinders" whose long
axes run parallel to the long axis of the excavation. Mod-
cling an object such as a sphere in a plane strain analysis
introduces errors because stresses are only allowed to

"flow" around the object in the plane of analysis. This re-

sults in an exaggeration of induced stress magnitudes. So
long as this exaggeration is kept in mind, the analysis can
provide useful information about stress distribution trends.

The analysis performed by EXAMINE assumes that the
material being modeled is homogeneous, isotropic, and
linear elastic. Of course, these assumptions do not strictly
hold true for any rock mass. Nevertheless, the stresses
calculated by EXAMINE can be used to compare one ex-
cavation scenario to another and to show the effects of
input parameter variation on the induced stress distriby-
tion. It should also be noted that the displacements
calculated by the program are due solely to elastic de-
formation. In the real world, elastic displacements may
only account for a small fraction of the displacements ob-
served. Therefore, the displacement vectors shown in this

Ytalicized numbers in parentheses refer to items in the list of
references preceding this appendix.

2Reference to specific products does not imply endorsement by the
U.S. Bureau of Mines.

analysis are meant to illustrate relative trends rather than
absolute magnitudes.

EXAMINE dictates that one of the principal stress di-
rections must be aligned with the long axis of the ex-
cavation, which means that the other two principal stress
directions lic in the analysis section. However, the inclina-
tion of the in-plane principal stresses can be user-defined.

Although the program does not allow inelastic behavior
(yielding and failure) to be modeled, it identifies areas
where such behavior is likely by calculating strength fac-
tors. Using the Mohr-Coulomb failure criterion, the
strength factor is defined as the ratio of the maximum
internal shear stress at failure for a given point to the
maximum internal shear stress developed at that point.
On a Mohr diagram (figure A-1), the induced state of
stress is represented by the circle centered at

P=(0,+03)/2, (A-1)

where P = mean stress,

oy = maximum (most compressive) principal
stress,

minimum (least compressive) principal
stress.

The diameter of the circle is defined by o, and o,,
which lie on opposite radii of the circle. The maximum
shear stress developed for this condition can be calculated
as

S =(oy-03)2. (a2)

The maximum shear stress at failure, S, is represented
by the radius of the largest circle centered at P that can be
drawn tangent to the Mohr-Coulomb failure envelope.
The Mohr-Coulomb failure envelope is defined by the line

T=c+otang, (A-4)

where T shear stress,

cohesion,

(£}
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o = normal stress,
and ¢ = angle of internal friction.
S,, is calculated as

Sm = CCOS¢ + I’simf: " [Ul(max) - 0'3(min)]/2. (A-4)

Again, the strength factor is defined as

Strength Factor = S,/S. (A-5)

The cohesion and the angle of internal friction are rock
properties input by the user. Values of o; smaller than
the user-defined rock tensile strength, o, indicate tensile,
rather than shear failure. The strength factor for this
condition is set to -1.

Figure A-1

ANALYSIS ASSUMPTIONS AND LIMITATIONS

As noted in the text, the modeled excavations were
assumed to be in granite at a depth of 10,000 ft. The
following propertics were assumed:

v = Poisson’s ratio = 0.25,

E = Young’s modulus = 41,400 MPa (6.0
x 10° psi),

o, = uniaxial compressive strength = 138
MPa (20,000 psi),

o, = tensile strength = 13.8 MPa (2,000 psi),
and

¢ = angle of internal friction = 45°,

w
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Cohesion, ¢, is calculated in the program from the
compressive strength and angle of internal friction as

© 2t (45c YN (4-6)

No attempt was made to estimate rock mass properties
from these data; the rock mass as a whole would be much
less competent due to natural fracturing. The difference
between intact and in situ rock properties would not affect
the calculation of stresses in this analysis since the stress
distribution in an isotropic elastic medium is independ-
ent of the elastic constants E and v. Displacement cal-
culations do depend on the elastic constants, however.
Because of this and the fact that the program only ac-
counts for elastic displacements, the displacements calcu-
lated are many times less than would be expected in the

Figure A-2
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field. For these reasons, only relative displacements are
presented and discussed.

Most of the cases modeled are symmetric about both
the horizontal and vertical axes; due to this symmetry, only
one-quarter of the problem must be represented. Con-
tours are based on stress and displacement calculations at
points in a rectangular grid in the modeled rock mass.
Contours do not exhibit perfect symmetry because the
geometry of the models is more suited to a grid based on
polar coordinates.

DEVELOPMENT OF THE PRESSURE
SPHERE MODEL

To begin, it was assumed that the spheres could be
modeled in two dimensions as four hydraulic fractures
emanating from a central point and oriented 45° from one
another (figure A-2). To estimate fracture widths and

023 46 69 91 114 137 160 183 206 229 Radius, cm

I ———

NN 18 27 36 45 54 63 72 81

90 Radius, in

Geometry of pressurized sphere model represented by four intersecting hydraulic fractures.
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internal pressures, a simple fracture propagation model,
Sneddon’s penny-shaped crack model (36), was used. A
penny-shaped crack is defined as a flat disk-shaped frac-
ture of elliptical cross section. Sneddon gives the width of
a penny-shaped crack subject to constant internal pressure
as

wo8CE - - 1y /ey A

=B
where W = crack width at radius r, cm,
C = fracture radius, cm,

P = uniform internal crack pressure, MPa,

o = minimum effective stress, including
pore pressure,
v = Poisson’s ratio,
E = Young’s modulus, MPa,
and r = radius of interest, cm.

Although Sneddon’s equation is based on a constant in-
ternal fracture pressure, in reality a pressure gradient
exists along the length of the crack due to friction.
Following a mathematical analysis presented by Shaffer
(37), it was assumed that the pressure in the crack is
proportional to the crack width.

Using the model input parameters mentioned before
and an assumed fracture radius of 2.3 m (90 in), fracture
widths and average pressures were calculated for each of
10 intervals along the fracture radius, as presented in
table A-1.

Pressure in each interval was proportioned according to
average fracture width in the interval, assuming an injec-
tion pressure of 620 MPa (90,000 psi). The maximum
principal stress distribution for a single modeled fracture
in a hydrostatic stress field of 6.9 MPa (10,000 psi) is
shown in figure A-3. As expected, tensile stresses are
induced near the crack ends and compressive stresses are
induced normal to the fracture plane. Tt should be noted

that in this and subsequent figures not all stress contours
are shown, The EXAMINE postprocessor only allows six
positive data contours to be displayed at once. When
more detail is desired, another set of contours can be
overlain. For example, the 480- and 550-MPa (70,000- and
80,000-psi) contours in the vicinity of the fracture are not
shown in figure A-3.

Table A-1.~Modeled fracture widths and pressures

r, em {in) W, om (in} Pressure in interval,

MPa (psi)
D vt 7.277 (2.865) } 619 (89,800)
229(9) choriiin... 7.239 (2.850) } 613 (88,900)
A5T(8) ...l 7.130 (2807) | 600 (87,000)
686(27) .......... 6.942 (2.733) } 579 (84,000)
014 (36) ....... e 6.670 (2.626) } 552 (80,100)
1143 {45) ......... 6.302 (2.481) } 517 (74,800)
187.2(58) .ooovn... 5.822 (2.292) } 469 (68,000)
160.0 (63) ......... 5.197 (2.046) } 407 (59,000)
1823072 ..o 4366 (1719) 1 351 (46,500)
2057 (81) ......n.. 3.172 (1.249) } 135 (18,600)
2286 (90) ......... 0

r crack radius.
W crack width at radius r,

Figure A-44 shows the maximum principal stress dis-
tribution for a pressure sphere formed by four pressurized
fractures. Radially oriented compressive stresses are
induced in the rock mass outside the radius of the frac-
tures. Tangential tensile stresses are also induced in this
arca (figure A-4B).

This pressure sphere model, based on gross but rea-
sonable assumptions, supports the hypothesis that zones of
above-normal, radially oriented compressive stresses can
be induced by the formation of successive, reoriented,
hydraulic fractures. However, creating this model in



PR NCE - =

EXAMINE was cumbersome because the coordinates of
each segment end (196 in all) had to be calculated and
input individually. In addition, the normal stress condition
for each segment had to be input. To simplify the mod-
eling process, an equivalent geometry was sought,

Figure A-54 shows the maximum principal stress dis-
tribution around a circular opening with a 2.3 m (90-in)

Figure A-3
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radius and an internal hydrostatic pressure of 620 MPa
(90,000 psi). The maximum principal stress distribution
for the circular opening model is nearly identical to that of
the fracture model. The same can be said of the mini-
mum principal stress distribution (figure A-5B). Because
of the equivalence of this simplified geometry, it was used
to model the pressure spheres in all subsequent analyses.
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Scale, ft

20

Single pressurized crack in a 69-MPa (10,000-psi) hydrostatic
stress field, maximum principal stress distribution.



- Figure A-4
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Pressure sphere modeled as four intersecting pressurized
cracks. A, Maximum principal stress distribution; B, mini-



Figure A-5
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Pressure sphere modeled as an intemally loaded circular
opening. A, Maximum principal stress distribution; B, mini-
mum principal stress distribution.
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Figure A-6
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Double ring of pressure spheres with inner sphere pressure of 10 MPa (1,500 psi) and outer sphere pressures of:
A, 34 MPa (5,000 psi); B, 69 MPa (10,000 psi); and C, 103 MPa (15,000 psi); in o model with no opening or
field stress, maximum principal stress distribution.



i
1

Double ring of pressure spheres with nonuniform internal sphere loading surrounding a circular opening in
a 69-MPa (10,000-psi) hydrostatic stress field. A, Maximum principal stress distribution; B, minimum
pmpal siress distribution; C, strength factor disiribution.
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Figure A-8

(325-psi) air pres-

Single ring of pressure spheres surrounding a circular opening intemally loaded with 2.2-MFa

sure. A, Maximum principal stress distribution; B, minimum principal stress distribution; C, strengih factor dis-

tribution.
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APPENDIX B.—FUNDAMENTALS OF HYDRAULIC FRACTURING

The process of repeated, reoriented hydraulic fracturing
is based on relationships derived by analyzing the tangen-
tial stresses on the surface of a pressurized borehole.
Haimson (32) gives the tangential stress on the surface of
a pressurized cylindrical borehole in permeable rock as

-V

Ogg =303 - 03 - [2‘“ 1_,,] [PW (t)*Pe]z (®-D

where o0y, = tangential stress (compression positive),

03 = minimum principal stress in the plane
perpendicular to the borehole axis,
o, = maximum principal stress in the plane
perpendicular to the borehole axis,
a = porosity constant,
Py, = internal borehole pressure,
Py, = pore pressure,
v = Poisson’s ratio,
and t = time,

In laboratory experiments, Haimson found that hy-
draulic fracturing induced from a borehole packed off with
a rubber packer is almost invariably along the axis of the
borehole, even when the loading conditions would favor
fracture perpendicular to the borehole. Away from the
influence of the packer, fractures reorient so that they
once again propagate perpendicular to the minimum prin-
cipal stress direction. Because a rubber packer was used
for the laboratory work performed in this study, it was

assumed that the fractures induced would initially form
along the axis of the borehole. Fracture formation and
extension will occur in this direction when the tangential
tensile stress at the surface of the borehole wall overcomes
the tensile strength of the rock, o,. At the instant of frac-
ture initiation (t = t), o4 = -0, and the critical pres-
sure P, = Py(t). Therefore, the pressure criterion for
fracturing along the borchole axis in permeable rock is

- P,. (B-2)

However, because of cooling and setting, rock is im-
permeable to molten sulfur. The criterion for fracture in
impermeable rock is a special case of the criterion for
permeable rock. In equation B-2 the term

1-2v
2 - B-2
@ —— (B-2)

arises from the constitutive equations of continunm me-
chanics for fluid flow. In impermeable rock, there is no
fluid flow into the rock, and the aforementioned term be-
comes unity. The critical pressure criterion for molten
sulfur injection then becomes

PC = + 303 - 02 - Po. (B"3)

In laboratory experiments, Haimson fractured blocks
that contained a preexisting fracture plane. The value of
the critical pressure and the direction of the hydraulic
fracture were not affected so long as the borehole did not
intersect the preexisting fracture plane. Several instances
of hydraulic fracture propagation across the preexisting
fracture plane were observed.
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